A detailed comparative study of modulation techniques for single and three phase dcac inverters is presented. Sinusoidal Pulse Width Modulation, Triplen Sinusoidal Pulse Width Modulation, Space Vector Modulation, Selective Harmonic Elimination and Wavelet Modulation are assessed and compared in terms of maximum fundamental output, harmonic performance, switching losses and operational mode.
I. INTRODUCTION
The most recently proposed modulating strategies are generally for application in complicated cascaded modular inverters, matrix converters or other novel converter configurations [1] [2] [3] [4] . However, all these modulation strategies are based on classical theory and techniques, such as Sinusoidal Pulse Width Modulation (SPWM), Space Vector Modulation (SVM) and Selective Harmonic Elimination (SHE).
Wavelet modulation (WM) theory has been proposed [5, 6] , in which it is claimed that wavelet based PWM has advantages over traditional modulation strategies, specifically SPWM, SVM and SHE. Some of the claimed advantages are [5] : extension of the modulation index linear range beyond that possible with SHE and SVM, and five-level line-to-line voltage waveform, hence low harmonic content and dv/dt. Tri-state leg output voltages are assumed from a twolevel voltage source inverter with an inductive load [5] , yet this condition can only be created with PWM current source inverters. The implication of such a tri-state condition is that a large capacitive output filter must be connected to ensure that load current is continuous. In addition, the new wavelet PWM technique is not suitable for variable speed drive applications since the modulation index can only vary within a narrow range, which is limited by the switching frequency. In an attempt to clarify some of the claims relating to WM [5, 6] , this paper presents a detailed comparison between wavelet based and traditional PWM strategies.
The comparison considers maximum attainable fundamental output voltage, harmonic performance based on weighted total harmonic distortion (wTHD), switching frequency per device and operational mode. The comparison uses wTHD rather than THD since it better reflects the individual voltage harmonics in the load current.
II. REVIEW OF INVERTER VOLTAGE MODULATION TECHNIQUES
Two-level voltage-source-converter modulation techniques have been intensively researched. In principle, all modulation methods aim to lower harmonic distortion in the output voltage and current, improve dc link utilization, and minimize switching losses, among which there is a trade-off in order to achieve balanced inverter performance under all operating conditions. The three-phase bridge converter in Fig.1 is widely employed in low and medium voltage applications. Generally, SPWM generates a train of pulses having a volt-second area the same as that of the reference signal over one switching or fundamental period. Its disadvantages are that the maximum linear modulation index is limited to 1pu (4/ being that for a square-wave fundamental) and that the switching devices experience the full carrier frequency. Third harmonic (or triplen) injection SPWM (TSPWM) extends the maximum modulation index to 1.155pu, but inherent are all the other features of SPWM as well as the introduced zero-sequence components in the phase voltages that do not contribute to the threephase load currents. SVM is developed from the space vector representation of the inverter output voltage in the -plane. DC voltage utilization is 1.155pu. The technique offers additional flexibility in terms of pulse placement and switching pattern selection, hence switching losses can be optimized. SVM is suitable for real-time and digital implementation.
SHE controls the fundamental voltage and eliminates specific harmonics by directly calculating the switching instants. In this manner, SHE can generate high quality output voltage at a lower switching frequency when compared to other methods, and a relatively high modulation index is achievable in three-phase systems.
The WM method defines the linearly combined scaling function (1) to generate a train of rectangular pulses with various widths and shifts.
where scale j is defined as j=1, 2, 3 and H is the Haar-scaling function [5] . The scale-base linearly combined synthesis scaling function at scale j is defined by (2) [5] . Reference [5] shows that the three-phase inverter output line voltage has five voltage levels, which means that the phase voltage must be 3-level. This is not achievable with an inductive load.
In open-loop applications, WM can be implemented on-line since, advantageously, the real-time calculations are linear and can be solved by a processor without significant delay.
The switching frequency fsw with the WM method is determined by the maximum scale value J, as shown in (3) where f0 is the fundamental frequency, and where quarter-wave and half-wave symmetrical output waveforms can be obtained. The output voltage contains no even order harmonics.
The modulation index, related to half of the dc bus voltage, Vdc, for WM, can be determined by Error! Reference source not found. where Vp1 is the peak line-to-line fundamental voltage, j = 1, 2 J and (tj1, tj2) = (j+2 -(j+1) , j+1-2 -(j+1) ) are the switching instants on a normalized time axis used to define the new scale-based linearly-combined scaling function.
From (3) and (4), the switching frequency and modulation index for WM are coupled by the maximum scale J, which means the output voltage can only be adjusted in a narrow range to avoid an irrational switching frequency. 
III. COMPARATIVE STUDY OF MODULATION METHODS
In this comparison, the inverter of Fig.1 with Vdc =100V and f0 =60Hz, as detailed in Table I , is the basis for the simulation study. Five modulation techniques: SPWM, TSPWM, SVM, SHE and WM are analyzed.
The dc voltage utilization coefficient , defined by Error! Reference source not found., specifies the voltage transfer limit and is inherently restricted to 1.1 for a square wave mode.
Harmonic performance is usually evaluated using THD. Since low-order harmonics contribute the most significant current components to the load, wTHD is used in this case to determine the effective harmonic content of the output voltage waveform. The method for calculating wTHD is shown in (6), with an upper limit of the 75th harmonic being specified for this comparative study. Table I . For each of the five modulation techniques investigated, the table also shows dc voltage utilization, the amplitudes of the first eight significant harmonics expressed as a percentage of the fundamental and the WTHD.
A. SPWM: Fig.5 (a) shows the spectrum of output line-to-line voltage for SPWM and that all of the significant harmonics are concentrated around the sidebands of the switching frequency components. The maximum dc voltage utilization is 86.6% and WTHD is 1.57%, as shown in Table I .
B. TSPWM:
As shown in Fig.5 (b) and Table I , injection of the 3rd harmonic into the modulating wave extends the linear modulation index to 115.5% of that of SPWM and that the output 3rd harmonics in each phase are cancelled by the three-phase configuration. The wTHD is decreased to 1.36% due to the increased fundamental component. SVM generates waveforms with a similar maximum fundamental output to TSPWM, as shown in Fig.5 (c) and Table I . The corresponding WTHD is 1.35%. However, there will be deviation from the ideal situation as the sidebands around the first switching frequency manifest as low order harmonics. 
E. VM:
With WM, the maximum scale J offers the only degree of freedom with which to determine the switching frequency, the modulation index and the location of each switching edge. From Table I , the WTHD for WM is 1.28%, and the fundamental peak value is slightly lower than for SVM for a similar switching frequency as used in the SPWM, TSPWM and SVM cases. The limitation of wavelet modulation theory is, however, the lack of harmonic distribution control, with the result that the low-order harmonic content can be significant. Fig.5 (e) shows that the significant harmonics are distributed over a wide range of the spectrum and, adversely, in the vicinity of the baseband. As a result, large output filters, which are expensive and complex to design, are needed to achieve acceptable harmonic levels specified by IEEE and IEC standards. Fig.6 shows output line-to-line voltage THD for SPWM, TSPWM, SVM, SHE and WM as a function of modulation index, where TSPWM, SPWM, SVM and WM all have the same switching frequency. In most modulation methods, the THD and WTHD decrease with increasing modulation index. However, the THD (and the wTHD) characteristic for WM would not be monotonic since operation over the entire range of modulation index requires a change in J, as shown in Fig.3 , which in turn modifies the harmonic profile of the WM scheme.
The total number of commutations per cycle directly influences device switching losses. SVM offers the capability to optimize the switching sequence, hence switching losses can be minimized. SHE offers the lowest switching frequency, while its harmonic performance is better than that of the other modulation methods. However, switching losses are generally determined not only by the switching frequency but also by the distribution of switching instants and by the load current at each switching instant. The on-line or real-time implementations can be supplied by directly observed variables, facilitating a highly accurate control strategy. However, significant real-time calculation increases processor requirements and the digitization process can introduce distortion, such as low order harmonics. An offline or look-up table implementation employs several precomputed local-data tables to avoid on-line calculation, making any control decision instantaneous. The penalty is reduced control flexibility, or reduced accuracy if interpolation between stored data points is required. In addition, a large quantity of data must be downloaded into read-only memory prior to inverter activation. When incorporating feedback to control voltage source inverters, the run mode of each modulation method influences the practicality and the realization complexity due to the principle of the modulating method itself. Table II lists the recommended operational closed-loop modes, accounting for algorithm complexity and commercial processor speeds. With SPWM, TSPWM and SVM the dc voltage utilization coefficient is linearly dependent on modulation index over a wide range, making control calculation simple and efficient. Given the speeds of currently available processors, an online operational mode is viable, with remaining processor capacity available to monitor all status parameters and variables. To implement SHE and WM, significant arithmetic processing is required, therefore off-line techniques using look-up tables and interpolation are employed. The switching instants for different modulation indices are stored as local data so that a specific output voltage can be obtained by an interpolation method. The technical feasibility of WM in closedloop operation is restricted by a narrow modulation index range. WM cannot be used when, for example, the inverter is required to offer black-start capability. A disadvantage associated with the WM technique is the narrow range over which the modulation index may be adjusted for a given value of J, which may hinder its closed-loop use. Additionally, Table I shows that for the singlephase case SHE better utilizes the DC link voltage, and has reduced THD and wTHD at a significantly lower switching frequency when compared to WM. Multiple SHE solutions exist which provide further improvements over WM. The limitations and operating features highlighted as part of this analysis of WM are inconsistent with the claims made elsewhere [5, 6] regarding its performance. For example, this study was unable to replicate the 5-level line-toline voltage waveforms theoretically, in simulation or practically from the standard sixpulse three-phase inverter, with an inductive load, as presented in [5] .
To conclude, for a given average switching frequency, SHE modulation provides the best performance for three-phase inverter applications, with high-quality output and optimal circuit operation.
Local data look-up with interpolation has been proven to be robust in closed-loop operation.
